Abbreviations
=============

5S RNP

:   5S ribonucleoprotein particle

CDK1

:   cyclin dependent kinase 1

DFC

:   dense fibrillar component

ETS/ITS

:   external/internal transcribed spacers

GSK3

:   glycogen synthase kinase 3

Ki67FHAID

:   Ki67-FHA interaction domain

LSU

:   large subunit

MDM2

:   murine double minute 2

NIFK

:   Nucleolar protein Interacting with the FHA domain of pKi-67

Noprecipitation

NPM1/B23

:   nucleophosmin

PAR-CLIP

:   Photo-Activatable-Ribonucleoside-Enhanced Crosslinking and Immu-pre-rRNAs, rRNA precursors

REMSA

:   RNA electrophoresis mobility shift assay

rNIFK

:   recombinant NIFK

RNP1 and 2

:   ribonucleoprotein motif 1 and 2

RPL5 and RPL11

:   large ribosomal protein 5 and 11

RRM

:   RNA recognition motif

snoRNP

:   small nucleolar ribonucleoprotein

Introduction {#s0001}
============

Ki67 is a well-known cell proliferation marker that has been correlated with aggressiveness of tumor and considered as a prognostic parameter.[@cit0001] A human nucleolar protein interacting with the forkhead associated (FHA) domain of Ki67, named NIFK, was identified through 2-hybrid screening by using the FHA domain of Ki67 as the bait.[@cit0003] Human NIFK protein consists of a putative RNA recognition motif (RRM) and a Ki67-FHA interaction domain (Ki67FHAID). Phosphorylation of Thr-234 and Thr-238 of the Ki67 interaction domain of NIFK was shown to be responsible for Ki67 interaction during mitosis.[@cit0003] We previously showed that the phosphorylation of Thr-238 of NIFK by cyclin dependent kinase 1 (CDK1) primes the phosphorylation of Thr-234 by glycogen synthase kinase 3 (GSK3), and demonstrated the molecular detail of the NIFK-Ki67 interaction.[@cit0004] In addition, NIFK was reported to be transcriptionally up-regulated by both c-Myc[@cit0005] and estrogen,[@cit0006] suggesting a role of NIFK in cell proliferation. In agreement, NIFK was shown to maintain the proliferation and pluripotency of embryonic stem cells by interacting with nucleophosmin 1 (NPM1/B23), a multi-functional protein with endoribonuclease activity.[@cit0007] However, specific functions of NIFK and their molecular mechanisms remain poorly understood.

Ribosome biogenesis is a multifaceted process initiated by the transcription of rRNA precursors (pre-rRNAs), followed by subsequent processing steps to remove external/internal transcribed spacers (ETS/ITS) for the maturations of 18S, 25S/28S and 5.8S rRNAs.[@cit0009] Strictly monitored ribosome biogenesis ensures the concerted coordination for cell growth and proliferation, while its dysregulation may lead to ribosomopathies and cancer.[@cit0012] c-Myc, a proto-oncogene, was shown to enhance cell growth and tumorigenesis[@cit0014] directly through transactivation of factors that are involved in rRNA synthesis, ribosome biogenesis, and protein translation.[@cit0015] In addition, perturbation of ribosome biogenesis stimulates nucleolar stress that subsequently activates p53-dependent G1 arrest,[@cit0017] and this activation relies on the 5S ribonucleoprotein particle (5S RNP), a trimeric complex composed of large ribosomal proteins 5, 11 (RPL5, RPL11) and 5S rRNA.[@cit0020] Ribosomal 5S RNP is essential for large subunit (LSU) rRNA maturation during cell growth, whereas nonribosomal 5S RNP directly interacts with and suppresses the E3 ubiquitin ligase activity of MDM2 (murine double minute 2, or HDM2 for its human ortholog) upon nucleolar stress,[@cit0020] through which p53 is stabilized.

Recently, systematic screenings have suggested association of NIFK with ribosome biogenesis[@cit0022] and requirement of NIFK for rRNA processing.[@cit0023] In agreement, Nop15, the yeast ortholog of NIFK that consists of a RRM but lacks the Ki67-FHA interaction motif, is required for yeast 5.8S and 25S rRNA maturation,[@cit0024] presumably through remodeling of the ITS2 structure.[@cit0025] These observations collectively point to NIFK as a participant in ribosome biogenesis. However, the underlying molecular mechanisms and the relationship with the role of NIFK in cell growth and proliferation are still unknown. In this work, we tested the possibility that NIFK functions as a key adaptor that bridges cell proliferation, presumably through Ki67FHAID, to cell growth, through the RRM-mediated pre-rRNA processing. By using siRNA silencing and phenotypic rescue, we showed that NIFK functions in cell cycle progression, checkpoint signaling, and ribosome biogenesis. To be more specific, we verified the contribution of RRM in the above processes and pinpointed critical residues that are involved in these functions. In addition, we also mapped the putative pre-rRNA binding region recognized by NIFK. We therefore propose that NIFK is required for LSU rRNA maturation, likely through the RRM-mediated pre-rRNA binding.

Results {#s0002}
=======

Silencing of NIFK inhibited cell proliferation through a reversible p53-dependent G1 arrest {#s0002-0001}
-------------------------------------------------------------------------------------------

Since Ki67 is a well-known cell proliferation marker,[@cit0002] we asked whether its interacting protein NIFK is also involved in cell proliferation. We first generated NIFK deficient phenotypes in U2OS cells by siRNA silencing. The most effective siRNA (\#1 in **Fig. S1A-B**) was chosen for the rest of this work unless otherwise specified. As shown in [**Fig. 1A**](#f0001){ref-type="fig"}, cell proliferation was significantly repressed in NIFK-silenced cells, suggesting that NIFK is required during cell proliferation. To characterize whether slower cell proliferation rate is due to apoptosis or arrested cell cycle, we analyzed NIFK-knockdown cells using flow cytometry. No significant change in apoptosis from NIFK-knockdown cells was detected (**Fig. S1C**), while an increase in G1 phase population resulting from NIFK knockdown was observed in the DNA content histogram ([**Fig. 1B**](#f0001){ref-type="fig"}, traces 1--2). The effect became more pronounced when cells were trapped in the G2/M phase by synchronizing with nocodazole ([**Fig. 1B**](#f0001){ref-type="fig"}, traces 3--4). The results suggest that the slower cell proliferation in NIFK-knockdown cells is more likely caused by perturbation in the G1-S progression of the cell cycle. Similar phenotypes were confirmed in another cell line MCF7 (**Fig. S1D-G**). Figure 1.**Silencing of NIFK induces reversible p53 dependent G1 arrest**. (**A**) Cellular proliferation of U2OS cells transfected with siNIFK. (**B**) Flow cytometry analyses of asynchronous and G2/M synchronous U2OS cells transfected with siNIFK. (**C**) Same as **B**, with indicated siRNA alone or in combination. The quantifications of 2 repeats are also shown in the right panel. (**D**) Western blot analysis of the expressions of NIFK, p53, and p21 in asynchronous U2OS cells transfected with indicated siRNA.

To further understand how NIFK knockdown leads to G1 arrest, we next examined the effect of NIFK knockdown on p53 since p53 has been suggested to choose between cell cycle and apoptosis.[@cit0027] As shown in [**Fig. 1D**](#f0001){ref-type="fig"} and **S1E**, the protein levels of both p53 and cyclin-dependent kinase inhibitor p21 are more pronounced upon NIFK down-regulation, suggesting that the p53-p21 axis is responsible for the NIFK-dependent G1 arrest. This observation was further supported by the reversal of the NIFK-dependent G1 arrest upon p53 and p21 co-knockdown with NIFK ([**Fig. 1C**](#f0001){ref-type="fig"}). Interestingly, the elevated protein level of p21 in response to NIFK downregulation was eliminated when p53 was also silenced, but not vice versa ([**Fig. 1D**](#f0001){ref-type="fig"}, lanes 3--5), indicating that the NIFK knockdown-mediated up-regulation of p21 occurs through activation of p53. Such upregulation of p21 likely directs the NIFK-dependent G1 arrest. We therefore conclude that p53 and p21 are the key mediator and the major effector, respectively, that control the G1 arrest in response to NIFK down-regulation.

NIFK is required for G1 progression by participating in rRNA processing {#s0002-0002}
-----------------------------------------------------------------------

Having shown that NIFK downregulation triggers p53 activation leading to p21 directed G1/S phase arrest, we next addressed how NIFK is required for cell cycle progression. As a proposed stress sensor, p53 transmits not only genotoxic signals[@cit0028] but also those of ribosome biogenesis stress.[@cit0017] Since defects in steps of ribosome biogenesis create nucleolar stress that can activate p53 to halt the cell cycle, we hypothesized that NIFK down-regulation activates p53 through 5S RNP-dependent nucleolar stress response. To test this possibility, we examined the effect of 2 stress mediators, RPL5 and RPL11,[@cit0018] on the NIFK-mediated stress responses. As shown in [**Fig. 2A**](#f0001){ref-type="fig"} (left panel), the G1 arrest upon NIFK downregulation was relieved in response to co-knockdown of RPL5 or RPL11. Such resumed cell cycle is more likely due to inhibition of stress signals, as the promoted p53 and p21 levels after NIFK knockdown were simultaneously lowered by additional RPL5 or RPL11 co-knockdown ([**Fig. 2A**](#f0001){ref-type="fig"}, right panel; the changes of mRNAs after siRNA transfection are shown in **Fig. S2A**). This result suggests a possible link between the loss of NIFK to the nucleolar stress that activates p53 for arresting cell cycle. In support of this possibility, we showed that NIFK appears to co-localize with fibrillarin and partially with Ki67 ([**Fig. 2B**](#f0002){ref-type="fig"}), indicating that the subcellular localization of NIFK is in both the dense fibrillar component (DFC) and, to a lesser extent, the outer DFC where Ki67 is located.[@cit0029] In addition, silencing of NIFK does not affect nucleolus organization as indicated by **Fig. S2B**. Because the majority of cleavage and modification of pre-rRNAs occur in DFC,[@cit0029] NIFK likely contributes to the fundamental functions of nucleolus through rRNA processing.

To identify which step of ribosome biogenesis NIFK is involved in, we pulsed the cells with ^32^P-orthophosphate and chased the nascent rRNA. As shown in [**Fig. 2C**](#f0002){ref-type="fig"}, the 45/47S rRNA precursors representing the phosphate incorporation efficiency were little affected by NIFK-knockdown, implying that NIFK down-regulation may not directly affect rRNA synthesis. On the other hand, the maturations of 28S rRNA ([**Fig. 2C**](#f0002){ref-type="fig"}) and 5.8S rRNAs ([**Fig. 2D**](#f0002){ref-type="fig"}) were markedly delayed in response to NIFK downregulation. The decrease in nascent 28S rRNA synthesis in response to NIFK down-regulation could also result from p53-mediated RNA polymerase I (RNA Pol I) repression, since it has been shown that p53 is able to interfere with the assembly of SL1-UBF-RNA Pol I initiation complex at the rRNA promoter.[@cit0031] To rule out this possibility, we further showed that p53 knockdown, in addition to NIFK knockdown, had no additional effect on the nascent 28S rRNA synthesis (**Fig. S2C**). Taken together, our results link the role of NIFK in rRNA processing to its requirement for G1 progression.

It is noteworthy that a decrease in the newly synthesized 5S rRNA was also observed upon silencing of NIFK ([**Fig. 2D**](#f0002){ref-type="fig"}, upper panel), albeit that its steady-state level remains unchanged ([**Fig. 2D**](#f0002){ref-type="fig"}, lower panel). Since 5S rRNA is part of 5S RNP required for the stabilization of p53, the diminished nascent-5S rRNA upon NIFK depletion could contradict to that of promoted p53 level shown in [**Figures 1D**](#f0001){ref-type="fig"} and [**2A**](#f0002){ref-type="fig"}. However, this inverted correlation between the levels of 5S rRNA and p53 was also observed previously in the depletion of other LSU biogenesis factors,[@cit0021] suggesting that NIFK may function similarly in supporting LSU biogenesis.[@cit0021] Furthermore, it was shown that direct depletion of 5S rRNA or inhibition of RNA pol III (TFIIIA) both result in reduced, but not abolished, activation of p53 upon inhibition of RNA pol I (treatment with Actinomycin D),[@cit0021] suggesting that the remaining amount of 5S rRNA is sufficient to support p53 activation in such condition. In this regard, the inconsistent levels between 5S rRNA and p53 protein upon silencing of NIFK we observed might represent such minor or reduced activation of p53. In agreement, silencing of RPL5 and RPL11 both reverse the activation of p53 caused by silencing of NIFK ([**Fig. 2A**](#f0002){ref-type="fig"}), similar to what was shown previously for the treatment of Actinomycin D.[@cit0021] Figure 2.**NIFK is required for G1 progression by participating in rRNA processing**. (**A**) Flow cytometry analysis of G2/M synchronous U2OS cells transfected with indicated siRNAs (left panel), and Western blot analysis of indicated proteins of asynchronous cells (right panel). (**B**) Immunofluorescent staining of U2OS cells showing subnucleolar localization of NIFK (green), Ki67 (red), fibrillarin (red), and nuclei (blue). (**C**) ^32^P-orthophosphate based pulse-chase analysis showing the kinetics of nascent rRNA synthesis in U2OS cells transfected with siNIFK. ^32^P labeled RNAs are separated by 1% agarose-formaldehyde gel and visualized by autoradiography (upper panel). The total RNA is shown by ethidium bromide (EtBr) staining (lower panel). (**D**) The same as (**C**) except the RNAs were separated by a 10% polyacrylamide-7 M urea gel. The total RNA is shown by ethidium bromide (EtBr) staining (lower panel and full view in **Fig. S2D**).

NIFK mediated pre-rRNA processing and G1 progression requires RRM but not Ki67FHAID {#s0002-0003}
-----------------------------------------------------------------------------------

Given that NIFK consists of a Ki67-FHA interaction domain (Ki67FHAID) in addition to RRM, and that Ki67 is well established to correlate with cell proliferation, it seemed reasonable to expect that the RRM and the Ki67FHAID are responsible for the 2 functions of NIFK, pre-rRNA processing and regulation of G1 progression, respectively. To examine this possibility, the siRNA resistant version of NIFK, RRM deletion (NIFK-dR), Ki67FHAID deletion (NIFK-dK), and alanine substitution of threonine 234 and 238 of NIFK (NIFK-TA) were respectively transduced into U2OS cells ([**Fig. 3A**](#f0003){ref-type="fig"} and **S3A** left panel) and subjected to siRNA transfection (**Fig. S3A** right panel) to deplete the endogenous NIFK. Characterization of these cells indicate that NIFK-silenced cells expressing RRM deletion display a dramatic retardation of cell proliferation ([**Fig. 3B**](#f0003){ref-type="fig"}), an irrelievable G1 arrest ([**Fig. 3C**](#f0003){ref-type="fig"}), a significant repression in nascent 28S rRNA synthesis ([**Fig. 3D**](#f0001){ref-type="fig"}), and a marked induction of p53/p21 proteins ([**Fig. 3E**](#f0003){ref-type="fig"}), while NIFK-dK and NIFK-TA expressing cells show only partial delay in proliferation ([**Fig. 3B**](#f0003){ref-type="fig"}). Relevant control experiments are shown in **Fig. S3B-D**. These observations strongly suggest that RRM is essential for NIFK-mediated rRNA processing and G1 progression, while the Ki67-interacting motif plays only a minor role in these functions. Figure 3.**NIFK-mediated pre-rRNA processing and G1 progression require RRM but not Ki67FHAID**. (**A**) Schematic representation of NIFK functional domains and designing of ectopic NIFK expression constructs (upper panel). For immuno and fluorescent detection, Flag-tag epitope and GFP were fused upstream of NIFK cDNA. dR indicates RRM deletion; dK, Ki67FHAID deletion; TA, T234AT238A; Vec, Flag-GFP vector. The procedure and time line for phenotypic rescue experiments are shown in the bottom panel. (**B**) Cell proliferation assay for cells phenotypically rescued by NIFK wild-type and mutants. (**C**) Flow cytometry analyses (left) and quantification (right) of rescued cells after G2/M synchronization. (**D**) ^32^P-orthophosphate based pulse-chase analysis showing the nascent rRNA synthesis in phenotypically rescued cells. ^32^P labeld RNAs at 4.5 h chasing time were visualized by autoradiography (upper panel) and EtBr staining (lower panel). (**E**) Western blot analysis showing p53 and p21 levels in the phenotypically rescued cells described in (**D**). Anti-NIFK antibody (NIFK) detects both endogenous and ectopically expressed NIFK. The asterisk indicates ectopic NIFK and the arrow, endogenous NIFK.

To identify specific residues responsible for the functions of RRM, we constructed site-specific mutants for further characterization. Based on the structural topology of RRM,[@cit0032] there are 2 conserved sequences in NIFK-RRM, namely ribonucleoprotein 1 and 2 (RNP1 and 2), which comprises mainly aromatic and positively charged residues. We selected candidate residues out of these 2 RNPs by sequence comparison (Y48 and F93), structural comparison (R75), or both (K86, Y88 and F90)[@cit0033] ([**Fig. 4A**](#f0004){ref-type="fig"} and **S4A**). A series of alanine-substituted mutants were generated accordingly, including Y48AR75AY88AF90A (designated as NIFK-4Y), Y48AR75AY88AF90AK86A (NIFK-4YK), Y48AR75AY88AF90AK86AF93A (NIFK-4YKF), and K86AF93A (NIFK-KF), and subjected to retroviral transduction and functional analyses. According to cell cycle analysis, all NIFK-RRM mutants except NIFK-4Y exhibit lesser capacity than that of wild-type NIFK in rescuing G1 arrest upon NIFK silencing ([**Fig. 4B**](#f0004){ref-type="fig"} and control experiments in **Fig. S4B-C**). ^32^P-based pulse chase experiments also indicated that the aforementioned NIFK-RRM mutants except NIFK-4Y fail to rescue the deficiency in 28S rRNA maturation upon NIFK silencing ([**Fig. 4C**](#f0004){ref-type="fig"} and **S4D**). Similar pattern was also observed in the evaluation of nucleolar stress markers ([**Fig. 4D**](#f0004){ref-type="fig"} and **S4E**). Considering that NIFK-4Y is still proficient while NIFK-4YK is deficient, the residue K86 appears to be critical in NIFK function. Paradoxically, it requires double mutation K86AF93A to fully exert the stress effect as shown in [**Fig. 4C-D**](#f0004){ref-type="fig"} and **S4D-E**. Figure 4.**Identification of specific residues responsible for the RRM function in rRNA processing and G1 progression**. (**A**) Sequence alignment of NIFK-RRM orthologues from different species. Asterisks indicate residues selected for alanine substitution. (**B**) Cell cycle analyses, (**C**) nascent rRNA synthesis, and (**D**) Western blot analyses of the phenotypically rescued cells described in [**Fig. 3**](#f0003){ref-type="fig"}, showing defects of NIFK-RRM mutants in rescuing NIFK silencing. The asterisk indicates ectopic NIFK and the arrow, endogenous NIFK.

NIFK regulates 28S rRNA maturation through processing at ITS1 site 2 {#s0002-0004}
--------------------------------------------------------------------

After initial transcription, maturation of pre-rRNAs relies on the excision of transcribed spacers through a complicated cascade as shown in [**Fig. 5A**](#f0005){ref-type="fig"} and **S5**.[@cit0034] Any defect in pre-rRNA processing can lead to accumulation of incomplete precursor and intermediates of rRNA. To elucidate why the maturations of 28S and 5.8S rRNA are impaired in the absence of NIFK and, more specifically, how RRM directs the pre-rRNA processing, we analyzed RNA samples derived from NIFK-knockdown cells with Northern blot. As indicated by radiolabeled probe P1 ([**Fig. 5B**](#f0005){ref-type="fig"}), we observed accumulation of early precursor 45S/47S and reduction of 30S/26S pre-rRNAs upon silencing of NIFK. The same trend was also observed using probes P2 and P3 ([**Fig. 5C-D**](#f0005){ref-type="fig"}), suggesting a delayed processing of ITS1 at site 2 upon silencing of NIFK (see [**Fig. 5A**](#f0005){ref-type="fig"} and **S5A** for steps of pre-rRNA processing, cleavage sites, and intermediate rRNA species). In agreement, probes P2 and P3 also revealed increased 41S and decreased 21S pre-rRNAs upon silencing of NIFK ([**Fig. 5C-D**](#f0005){ref-type="fig"}). In parallel, hybridization with probe P4 (between 5.8S and ITS2 site 4) showed the same increase of 45S/47S/41S/36S rRNA and similar decrease in 32S/12S rRNA ([**Fig. 5E**](#f0005){ref-type="fig"}). The inverse correlation between the levels of 45/47/41/36S and 32/30/21/12S pre-rRNAs suggests that the endonucleolytic cleavage at site 2 was affected. In addition, the inverse relationship between the levels of 36S and 32S pre-rRNA likely points to a NIFK-dependent defect in the conversion of 36S to 32S pre-rRNA, which is presumably through XRN2 exonucleolytic cleavage of ITS1.[@cit0034] Because 32S pre-rRNA is the precursor of 28S and 5.8S rRNA, decrease in 32S pre-rRNA in response to NIFK silencing apparently causes insufficient production of 28S and 5.8S rRNAs ([**Fig. 5F**](#f0005){ref-type="fig"}). Figure 5.**NIFK regulates 28S and 5.8S rRNA maturation through processing of ITS1 site 2**. (**A**) Schematic representation of human rRNA transcripts. Upper, human 47S precursor rRNA showing the transcribed spacers (ETS and ITS), coding sequences, and cleavage sites. Lower left, illustration of 47S pre-rRNA processing pathways. The alternative steps are colored gray. Lower right, overview of pre-rRNA intermediates. Arrowheads indicate the positions of the probes used in Northern blot analysis. (**B**-**F**) Northern blot analyses showing the pre-rRNAs derived from siNIFK transfected U2OS cells. The specific rRNA species were detected using probes complementary to the regions downstream of site A~0~ of 5′ETS (P1, shown in **B**), between 18S and site 2a (P2, shown in **C**), between site 2a and 2 of ITS1 (P3, shown in **D**), between 5.8S and site 4 of ITS2 (P4, shown in **E**), and 18S, 5.8S, and 28S rRNA (probes 5, 6 and 7, shown in **F**). (**G**) Northern blot analysis of the pre-rRNAs derived from phenotypic rescued cells using probe P4. The complementation of NIFK silencing by NIFK and NIFK-KF mutant following that described in [**Fig. 4**](#f0004){ref-type="fig"}. (**H**) The same as (**E**), except that the siRPL5 transfected U2OS cells are also compared.

Although the steady-state level of 18S RNA appears to be slightly affected ([**Fig. 5F**](#f0005){ref-type="fig"}, hybridization by probe P5), there was no significant defect in nascent 18S RNA synthesis upon silencing of NIFK ([**Figs. 2C-D**](#f0002){ref-type="fig"}, [**3D**](#f0003){ref-type="fig"}, **and** [**4C**](#f0004){ref-type="fig"}). This might be due to an alternative generation of 18SE ([**Fig. 5C**](#f0005){ref-type="fig"}) through direct cleavage at ITS1 site 2a[@cit0034]. Since Northern blot analysis represents an overview of processed rRNAs while pulse-chase analysis reflects only those *de novo* rRNAs immediately after processing, one could reason that the difference between steady-state and nascent 18S RNA was due to inefficient production of 30S pre-rRNA upon silencing of NIFK in longer duration. This result collectively suggests that silencing of NIFK creates more significant defects in cleavage at site 2 in contrast to that of site 2a for the maturation of 28S and 5.8S rRNAs.

We also examined whether RRM is required for the rRNA processing at ITS1 site 2. In line with nascent rRNA synthesis and processing results shown above ([**Fig. 4C**](#f0004){ref-type="fig"}), expression of NIFK efficiently rescued the defects in 32S/12S pre-rRNA production upon silencing of NIFK ([**Fig. 5G**](#f0005){ref-type="fig"}, middle panel). As expected, such complementation of NIFK silencing by the NIFK-KF mutant appeared to be relatively inefficient as the levels of 45S/47S/41S/36S increased and those of 32S/12S pre-rRNAs decreased ([**Fig. 5G**](#f0005){ref-type="fig"}, right panel), supporting an indispensable role of RRM in the process. It is noteworthy that, as silencing of RPL5 led to accumulation of 32S/12S rRNA while silencing of NIFK resulted in the reverse ([**Fig. 5H**](#f0005){ref-type="fig"}), the 2 proteins likely function at different stages of ribosome biogenesis. During the preparation of this manuscript, a systematic silencing screening study performed by Tafforeau *et al.* showed similarly that silencing of NIFK triggers the increase of 41S/18SE rRNA and decrease of 30S/21S/12S rRNA.[@cit0023] This independently supports the role of NIFK we propose here, though the scopes of the 2 studies are different.

The RRM of NIFK binds to the 5′-end of ITS2 rRNA {#s0002-0005}
------------------------------------------------

Because NIFK lacks enzymatic function, its functional role in pre-rRNA processing should be attributable to the rRNA binding by RRM. To further characterize the binding property of RRM, we mapped the RRM binding region of rRNA. Since accumulated intermediate pre-rRNAs are likely due to inefficient spacer excisions during rRNA maturation in the absence of NIFK ([**Fig. 5**](#f0005){ref-type="fig"}), the spacers are most likely where NIFK-RRM binds. Although its yeast ortholog Nop15 has been shown to preferentially bind with 5′ end of ITS2 rRNA,[@cit0026] the potential rRNA binding region of NIFK in human pre-rRNA remains unknown. We initially tried to identify the NIFK-bound rRNA sequence using 6-thioguanosine (6SG) based PAR-CLIP (Photoactivatable-Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation) followed by Illumina Solexa sequencing.[@cit0037] However, the result was inconclusive possibly due to the extremely high GC content in some human pre-rRNA spacers (ca. 80%, compared to ca. 40% in *S. cerevisiae*) that hampers the library preparation and cluster generation during the sequencing steps. Alternatively, we addressed this issue by preparing a series of biotinylated RNA corresponding to candidate spacers for streptavidin immobilization, including 5′ETS (1--1952, containing site A~0~), ITS1 (1-509 and 510-1095), ITS2 (1-1155, 1-409, and 880-1155), together with an irrelevant control sequence. These RNA immobilized beads should be able to retrieve endogenous NIFK from cell extracts thus allowing for western blot analysis, if the binding exists. As expected, NIFK did show preference to the spacers, more specifically to the 1^st^-409^th^ nt region of ITS2 rRNA ([**Fig. 6A**](#f0006){ref-type="fig"}, left panel). We then further truncated ITS2 5′-rRNA and found that NIFK prefers to bind the 50^th^-150^th^ nt of the ITS2 rRNA ([**Fig. 6A**](#f0006){ref-type="fig"}, right panel and **Fig. S6A**). Interestingly, NIFK shows preference to the 50^th^--150^th^ nt but not the 1^st^--100^th^ nt nor the 100^th^--200^th^ nt ([**Fig. 6A**](#f0006){ref-type="fig"}, right panel). This observation suggests that the rRNA binding by NIFK should be either sequence specific (to the region covering the 100^th^ nt) or secondary-structure dependent (formed by the 50^th^--150^th^ nt of ITS2 rRNA). Figure 6 (See previous page).**The RRM of NIFK binds to the 5**′**-end of ITS2 rRNA**. (**A**) Western blot analysis of NIFK associated with indicated RNAs. Biotinylated or non-biotinylated RNAs were immobilized on streptavidin beads. RNA coupling efficiency was shown by SYBR green staining (lower panel). The proteins brought down by RNA were eluted, and analyzed by Western blot using NIFK antibody (upper panel). (**B**) Northern blot of RNase footprinting of ITS2 1-200 RNA protected by rNIFK. Lane 1, RNase T1 digested RNAs. Several G positions are indicated. Lane 2, RNA ladders generated by alkaline hydrolysis. Lanes 3, 0.016 U/μL RNase I digested RNA. Lanes 4-5, RNase I digested RNA in the absence (R) or presence (R+P) of rNIFK. Lanes 6-7, longer exposure of autoradiography shown in lanes 4-5. The bracket marks the position protected by rNIFK. (**C**) ITS2 50-150 RNA secondary structure detection. Left panel, autoradiography of 5′-end labeled RNA. Lane 1, RNA ladders generated by alkaline hydrolysis. Lanes 2-3, RNase T1 digested RNA with (+) or without (−) urea. Several G positions are indicated. Lanes 4-6, RNAs digested with increasing amount of RNase A. Right panel, predicted secondary RNA structure. The numbers indicate the positions with respective to ITS2 1-200. (**D**) REMSA analyses of RNAs bound by rNIFK and rNIFK-4YK *in vitro*. ^32^P internal-labeled ITS2 1-200 RNA was incubated with increasing concentration of rNIFK (left panel) or rNIFK-4YK (right panel), separated, and detected by autoradiography. The retarded motility corresponding to RNA-protein complex is indicated. (**E**) Northern blot analysis of NIFK associated rRNA species. Ectopically expressed proteins were immunoprecipitated by Flag-antibody. 10% of immunoprecipitated proteins were analyzed by Western blot (lower panel), and the rest were subjected to RNA extraction followed by Northern blot analysis using probe P4 (upper panel). The asterisk indicates the antibody heavy chain. A non-specific band appears at 28S.

To address the RNA-binding specificity of NIFK and also further narrow down the NIFK binding site in the ITS2, we performed ribonuclease footprinting assay with bacterial expressed recombinant NIFK proteins (rNIFKs) (**Fig. S6B**). Due to the extreme GC content in ITS2 rRNA, the conventional 5′ end labeling for ITS2 1-200 nt rRNA is proven difficult. To overcome the technical difficulties and obtain the information on the site where rNIFK binds, we performed the RNase footprinting assay with un-labeled ITS2 1-200 nt rRNA with rNIFK followed by Northern blot probing the 3′ terminus of ITS2 1-200 nt rRNA ([**Fig. 6B**](#f0006){ref-type="fig"}). Our result shows the region spanning the 125^th^--137^th^ nt of ITS2 rRNA is protected from RNase I digestion by rNIFK, suggesting that NIFK likely has sequence specificity to the region. This result is also consistent with the RNA pull down assay that the ITS2 50^th^--150^th^ nt region is sufficient to bind to NIFK.

To examine whether structural elements in ITS2 RNA also contribute to rNIFK binding, we adopted ribonuclease mediated mapping assay in combination with the RNA secondary structure prediction tool[@cit0038] to identify the potential RNA structure of the 50^th^--150^th^ nt of ITS2 rRNA used in the RNA pull down assay. We used an increasing amount of RNase A to cleave the single stranded region of the 5′-end labeled ITS2 50-150 rRNA ([**Fig. 6C**](#f0001){ref-type="fig"}, left panel) and found that the stem-like secondary structure does exist covering the 125^th^--137^th^ nt regions of ITS2 rRNA ([**Fig. 6C**](#f0006){ref-type="fig"}, right panel). It is noteworthy that, the sequence identity between the 125^th^--137^th^ nt, GCCGCCGCGC, could also be found in ITS1 at 38^th^--48^th^ nt region but likely shows low affinity to rNIFK ([**Fig. 6A**](#f0006){ref-type="fig"}), suggesting that the sequence identity is not the major requisite for NIFK binding. These observations collectively suggest the rRNA binding by NIFK cannot be non-specific but depends on both the sequence identity and secondary structure.

To validate whether the function of NIFK *in vivo* is correlated with the RNA binding ability, the REMSA (RNA Electrophoresis Mobility Shift Assay) were performed with ^32^P internal labeled ITS2 1-200 RNA with either rNIFK or rNIFK-4YK, a RRM mutant with impaired rRNA processing ability *in vivo* ([**Fig. 4C**](#f0004){ref-type="fig"} and **S4D**) and is obtainable in a soluble form *in vitro* (**Fig. S6B**). The result indicates that rNIFK showed 2 sequential protein binding events to the ITS2 1-200 RNA with 50% of the first rNIFK-RNA complex formed at 3 nM of rNIFK ([**Fig. 6D**](#f0006){ref-type="fig"}, left panel). On the other hand, the second protein-RNA complex of rNIFK-4YK was not observed and the 50% protein-RNA complex formation only occurs when 10 nM rNIFK-4YK is used ([**Fig. 6D**](#f0001){ref-type="fig"}, right panel, and **S6C**). In addition, the *in vivo* 32S/12S pre-rRNAs brought down by NIFK immuno-precipitants were significantly attenuated when RRM is mutated ([**Fig. 6E**](#f0006){ref-type="fig"}, pull down efficiency of proteins in the lower panel and pre-rRNAs in the upper panel). The *in vivo* evidence appears to correlate with the phenotypic complementary efficiency shown earlier ([**Figs. 3** and **4**](#f0003 f0004){ref-type="fig"}). This consistency therefore aligns the NIFK *in vivo* functions closely with the RNA binding ability of RRM.

Discussion {#s0003}
==========

We previously demonstrated that the high-affinity binding between FHA domain of human Ki67 and a fragment of NIFK requires sequential phosphorylation by CDK1 and GSK3.[@cit0004] The present study pursues potential roles of NIFK in cell proliferation through facilitating pre-rRNA processing during G1 progression. Between the 2 functional domains of NIFK, we demonstrate the essentiality of RRM in G1 progression, a requisite for successful cell proliferation, by participating in ITS1 site 2 processing to support LSU biogenesis. In agreement, we show that NIFK preferentially binds to the 5\' end of ITS2 rRNA, likely in both sequence and secondary structure dependent manner. In contrast, the Ki67 interacting motif appears to be nonessential for this pre-rRNA processing.

Emerging evidences have raised the discrepancy of ribosome biogenesis steps between human and yeast.[@cit0023] It was suggested that yeast ITS1 sites A~2~ and A~3~ resemble human ITS1 site 2a and 2, respectively,[@cit0034] and that endonucleolytic cleavage at yeast ITS1 site A~2~ splits the pre-ribosome to SSU (small subunit) and LSU, in analogy to that of human ITS1 site 2.[@cit0034] Our results suggest that NIFK is one of the LSU biogenesis factors required for such cleavage, similar to what was reported for Bop1.[@cit0034] On the other hand, Nop15 appears to be dispensable for SSU and LSU separation but essential for downstream Rat1 and Rrp17 directed exonucleolytic processing of 27SA~3~ on the 5′-end of 5.8S rRNA,[@cit0024] apparently distinct from its human ortholog NIFK. Collectively, both NIFK and Nop15 are conserved in terms of LSU biogenesis, but the steps involved are different.

In yeast, A~3~-cluster protein complex, formed by non-enzymatic ribonucleoproteins, is responsible for ITS1 site A~3~ processing by recruiting exonuclease Rat1 and Rrp17.[@cit0025] Among A~3~ cluster, Nop15 was shown to maintain the flexibility of ITS2 by binding with ITS2 5\'-end to prevent the premature structural transition from open-ring to thermo-stable hairpin. This rRNA structural flexibility potentially controls the timing of pairing between 5.8S and 25S allowing subsequent ITS2 cleavage.[@cit0026] To further dissect into the detailed RNA-protein interaction underlying rRNA biogenesis described above, the systematic sequencing of protein-bound small RNA ligands shall be performed. A state-of-the-art experiment called CLIP has recently been applied to comprehensively evaluate the rRNA binding sites of small nucleolar ribonucleoprotein (snoRNP).[@cit0042] Presumably due to the greater sequence complexity of human pre-RNA than that of yeast,[@cit0035] such structural remodeling of pre-ribosome and the systematic mapping of corresponding pre-rRNA binding sites have not been elucidated in human previously. Our study provides implications that the aforementioned exo-nuclease recruitment and structural reorganization models in yeast are relevant in human, as suggested by the following results. First, both NIFK and Nop15 are essential for ITS1 processing ([**Fig. 5**](#f0005){ref-type="fig"}) and NIFK exhibits similar preference to 5′-end of ITS2 ([**Fig. 6A**](#f0006){ref-type="fig"}) as that of Nop15.[@cit0026] Next, the mild accumulation of 36S pre-rRNA in the absence of NIFK ([**Fig. 5D** and **E**](#f0005){ref-type="fig"}) likely suggests an involvement of NIFK in XRN2-directed exonucleolytic cleavage of 36S to 32S pre-rRNA,[@cit0036] a similar event to Rat1 and Rrp17-mediated processing of 27SA~3~ to 27SB~s~ in yeast.[@cit0025] Finally, since the core folding architecture of ITS2 is conserved in eukaryotes,[@cit0043] the 3 dimensional structural remodelling suggested in yeast[@cit0026] is likely to be relevant in human and requires the NIFK-associated complex. In conclusion, our results support the ITS1 processing model that the efficient processing of ITS1 is decided by an accurate ITS2 remodelling.[@cit0026]

p53 is activated in response to nucleolar stress, and this activation is likely to be the molecular basis underlying the coordination of cell growth and division through faithful ribosome biogenesis.[@cit0017] In agreement, we showed that mutations on the RRM domain of NIFK lead to not only rRNA processing defect but also the activation of p53 signaling as well as G1 arrest. This observation evidently links NIFK deficiency with nucleolar stress that in turn activates p53 ([**Figs. 1D** and **2A**](#f0001 f0002){ref-type="fig"}). More specifically, as the silencing of p21 readily resumes the G1 arrest caused by NIFK deficiency ([**Fig. 1C-D**](#f0001){ref-type="fig"}), p21 is more likely to be the predominant effector downstream of p53-mediated stress response that is responsible for regulation of cell cycle under suboptimal growth condition.[@cit0046] Paradoxically, although disruption of nucleolus often correlates with p53 stability in response to stresses,[@cit0028] we were not able to observe collapsed nucleolar structure upon such stress (**Fig. S2B**). This atypical nucleolar stress is similar to what was observed in the absence of small ribosomal protein 6 (S6).[@cit0048] As the disintegrated nucleolus usually results from inhibition of rRNA synthesis or early rRNA processing,[@cit0049] we propose that NIFK likely participates in the later rather than early stage of rRNA maturation.

In this study, we observed no functional defect in 28S rRNA maturation or G1 progression from NIFK lacking the Ki67 interacting domain, but we did observe a delayed cell proliferation ([**Fig. 3B**](#f0003){ref-type="fig"}). This minor effect on proliferation may suggest an alternative regulation mediated by the interaction between NIFK and Ki67. Because yeast does not have an ortholog for Ki67 and the C-terminus Ki67FHAID is absent from Nop15,[@cit0003] one may consider such alternative regulation evolutionarily reinforced. In line with our observation, a most recent study of Ki67 showed that the nuclear localization of GFP-NIFK in interphase remains the same no matter Ki67 is silenced or not, but the localization is greatly altered in early mitosis and metaphase in the absence of Ki67.[@cit0050] We additionally propose that NIFK is required for G1 progression through the RRM-mediated ribosome biogenesis and mitotically interacts with Ki67 to facilitate M to G1 transition through regulation of post-mitotic nucleolar reassembly.[@cit0050]

The complexity of human ribosome biogenesis has been addressed by systematic identification of trans-acting factors and comprehensive analysis of rRNA processing pathways, which broadened our current knowledge on ribosomopathies and cancer.[@cit0023] Our in-depth analysis may provide the molecular basis of these processes and enlighten their disease relevance. In this regard, we have identified that NIFK also correlates with poor survival and severe metastasis in lung cancer presumably due to its indispensable role in ribosome biogenesis during cell proliferation (in submission). It is worth mentioning that, although the *in vivo* expression level of NIFK varies in diseases,[@cit0052] no single nucleotide polymorphism (SNP) has been identified in the RRM domain of NIFK based on our search for RRM SNP on NCBI. Taken together with the essential function in ribogenesis presented in this study, the RRM domain of NIFK could be a potential therapeutic target against ribosomopathies and cancer.

Materials and Methods {#s0004}
=====================

Cell culture, stable lines preparation, and siRNA transfection {#s0004-0001}
--------------------------------------------------------------

Detailed descriptions for maintenance, retroviral transduction, and siRNA transfection of cells are provided in the **Supplementary Materials**. After siRNA transfection, real time-PCR was performed accordingly to determine the remnant endogenous mRNAs (**Fig. S1A** and **S2A**).

Cell proliferation, cell cycle analysis, antibodies, Western blot analysis, immunoprecipitation experiments, and Immunofluorescent staining {#s0004-0002}
-------------------------------------------------------------------------------------------------------------------------------------------

Please see the **Supplementary Materials** for detailed information.

Total RNA extraction and quantitative PCR (RT-qPCR) {#s0004-0003}
---------------------------------------------------

When indicated, protein bound RNAs or total RNAs were isolated using Trizol® reagent following manufacturer\'s protocols (Invitrogen) prior to analysis. When needed, gene specific mRNA were quantitatively measured through LightCycler® 480 real-time PCR system (Roche) after first-strand cDNA synthesis. Detailed procedures are described in the **Supplementary Materials**.

Phenotypic rescue of NIFK silencing {#s0004-0004}
-----------------------------------

Phenotypic rescue experiments were performed by silencing of endogenous NIFK in NIFK stably expressing cells as described previously[@cit0053] with some modifications. NIFK-siRNA \#1 was selected in this study for the best knockdown efficiency (**Fig. S1A-B**) and the most effective rescued phenotype in cell proliferation (**Fig. S3B**). The design of siRNA \#1 resistant NIFK-cDNA was depicted and the expression profile was validated accordingly (**Fig. S3A**). When indicated, phenotypic rescues of NIFK mutants were performed as described above and these mutants showed indistinct difference in proliferation, cell cycle progression (**Fig. S3C** and **S4C**), protein expression ([**Fig. 3E, 4D**](#f0003){ref-type="fig"} and **S4E**), and localization (**Fig. S3D** and **S4B**) upon transfection of control siRNA, justifying unbiased phenotypes.

RNA metabolic labeling and Northern blot analysis {#s0004-0005}
-------------------------------------------------

The nascent rRNA was analyzed as previously described with minor modification.[@cit0054] Briefly, siRNA-transfected cells were pre-cultured with phosphate-free Dulbecco\'s Modified Eagle Medium (Gibco) in the presence of 10% dialyzed fetal bovine serum (Gibco) for 1 h, then pulsed with 20 μCi/mL ^32^P-orthophosphate (Perkin Elmer) in the same phosphate-free medium. After 1 h, cells were incubated in complete DMEM and harvested at the indicated time. Total RNAs were extracted as described earlier and separated by 1% agarose-formaldehyde gel electrophoresis. The gel was dried and subjected to autoradiography for visualization of ^32^P-labeled RNA. When indicated, the steady-state rRNA profiles were analyzed by Northern blot as previously described with minor modification.[@cit0055] Briefly, total RNA from siRNA-transfected cells were extracted and separated as earlier described. Separated RNA species in gel were treated sequentially with 0.05 M NaOH/1.5 M NaCl, and 1.5 M NaCl/0.5 M Tris.Cl (pH 7.4) before transferring to nylon membrane (Millipore) using a vacuum blotting apparatus. After UV cross-linking, the membrane was then pre-hybridized with hybridization buffer (Ambion) at 42°C for 1 h and then probed with ^32^P-5′ end labeled DNA oligonucleotides for 16 h. After several washes with 1-fold SSC buffer in the presence of 0.5% SDS, the membrane was subjected to autoradiography. The 5′ end labeled DNA probes was generated by T4 polynucleotide kinase (T4PNK, Thermo Scientific) in the presence of the \[γ-^32^P\]ATP. Please see **Supplementary Materials** for sequences of the probes used in this study.

RNA transcription {#s0004-0006}
-----------------

cDNAs complementary to human rRNA transcribed spacers 5′ETS (1-1952), ITS1 (1-1095), and ITS2 (1-1155) were synthesized based on the GenBank sequence U13369.1[@cit0035] and cloned into pJET1.2 (Thermo Scientific) in the same orientation of T7 promoter according to manufacturer\'s information. When indicated, *in vitro* transcribed rRNAs were prepared with TranscriptAid T7 High Yield Transcription Kit according to manufacturer\'s protocol (Thermo Scientific) using either Xba1-linearized pJET1.2 vectors or T7 promoter containing PCR products as templates (see **Supplementary Materials** for specific sequences of PCR primers used in the study), and PCR was performed as previously described.[@cit0056] When indicated, UTP-biotinylated RNAs were *in vitro* transcribed in the same protocol except in the presence of biotinylated-UTP (Ambion). All Transcribed RNAs were treated with DNase I before extraction by TRIzol® to remove free nucleotides.

RNA pull-down assay {#s0004-0007}
-------------------

To immobilize UTP-biotinylated RNA, 20 μL magnetic streptavidin beads were pre-blocked by binding buffer \[5 mM Tris-Cl pH 7.5, 0.5 mM EDTA, 1 M NaCl, and 20 μg/ml yeast tRNA (Ambion)\] supplemented with 5% BSA and then incubated with 2 μg *in vitro* transcribed UTP-biotinylated RNA in the same binding buffer at room temperature for 1 h. When indicated, 40% of bead-bound immobilized RNA were cooked at 90°C for 2 min in the presence of 1 mM EDTA and 95% formamide and analyzed by 1% agarose gel electrophoresis to show the coupling efficiencies. To examine RNA-bound proteins, cell extracts were prepared with the same protocol as Western blot except the DEPC-water was present in NP-40 lysis buffer and pre-cleared by magnetic streptavidin beads (Invitrogen) at 4°C for 1 h before pull-down. Pre-cleared cell extracts were incubated with bead-bound immobilized RNAs in DEPC-NP-40 buffer supplemented with 1 mM DTT, 0.2 U/μL RNaseOUT, and 20 μg/mL yeast tRNA for 16 h at 4°C. After washing with NP-40 buffer, RNA-bound proteins were eluted by 2.5x Laemmli protein sample buffer and subjected to Western blot analysis.

RNA electrophoresis mobility shift assay (REMSA) {#s0004-0008}
------------------------------------------------

To prepare RNA probes for REMSA, ^32^P internal labeled RNAs were *in vitro* transcribed as previously described except in the presence of \[α-^32^P\]CTP (50 μCi). RNA Transcripts were separated by 6% polyacrylamide native gel and subjected to autoradiography in order to locate the complete RNA products for extraction. Gels containing desired RNAs were sliced and incubated with elution buffer (10 mM Tris, pH 7.5, 300 mM NaCl, and 1 mM EDTA) overnight at room temperature, and RNAs were isolated through isopropanol precipitation. The REMSA was conducted by incubation of purified ^32^P internal labeled RNAs with recombinant proteins in NP-40 buffer at room temperature for 20 min. Protein-RNA samples were mixed with glycerol before separation by 6% polyacrylamide native gel supplemented with 45 mM Tris, pH 7.4, and 45 mM boric acid at 4°C. The gels were dried and subjected to autoradiography. For detailed procedures of recombinant protein expression and purification, please see the **Supplementary Materials**.

RNA footprinting and secondary structure detection {#s0004-0009}
--------------------------------------------------

*In vitro* transcribed ITS2 1-200 RNA (40 nM) was incubated with rNIFK (120 nM) and digested with 0.008 U/μL RNase I (Invitrogen) in 250 μL (final volume) of the NP-40 buffer supplemented with 0.08 U/μL RNase inhibitor (Invitrogen) at 30°C for 15 min. When indicated, RNA without rNIFK was incubated with 0.016 U/μL RNase I. RNase I digested RNAs were extracted by TRIzol®, separated by 8% polyacrylamide-7 M urea gels, and analyzed by Northern blot using probe complementary to ITS2 172-200. To indicate RNA size, RNA ladders were prepared by partially digesting RNA with alkaline hydrolysis or RNase T1 (Invitrogen) following RNA Structure-Function Protocols from Life Technologies. For ITS2 50-150 secondary structure detection, *in vitro* transcribed RNA was dephosphorylated by FastAP (Thermo Scientific), and 5′ end-labeled with \[γ-^32^P\]ATP by T4PNK. The labeled RNAs were suspended in NP40 buffer and treated with 6.25, 0.625, and 0.0625 μg/μL of RNase A for 5 min on ice. The T1 ladder was prepared by partially digesting RNA with RNase T1 in NP40 buffer with or without 7 M urea. The reactions were quenched and the RNAs were extracted using TRIzol® and separated by 12% polyacrylamide-7M urea gels.
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